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ABSTRACT
Anderson, Aaron J. MS, Purdue University, December 2017. Design of a Twisting
Multi-stable Actuator. Major Professor: Andres F. Arrieta, School of Mechanical
Engineering.
Actuators based on compliant multi-stable structures o˙er bene˝ts of low mass,
large stroke, high blocking force, and fast actuation response. The compliant structure eliminates friction and failure points inherent to actuators featuring joints and
moving parts. These characteristics o˙er a large potential for application in ˝elds
such as aerospace or robotics where they can be scaled and modi˝ed to ˝t many
design scenarios. A class of twisting bi-stable structures lends itself for use in linear
actuation, as linear displacement is created upon twisting. These structures are also
capable of fast actuation via snap-through between stable twisted states. This paper
considers the application of a compliant bi-stable twisting structure as a linear actuator capable of bearing a load and producing a relatively large stroke length through
actuation with smart material actuators. Finite element modeling is used for analysis, where a parameter study of the structure's geometry is used to tailor equilibrium
behavior, thus resulting in a useful stroke length from twisting of the compliant structure. The design is adapted to function with a polymeric material and a physical 3D
printed prototype is constructed to demonstrate the compliant bi-stable linear actuator concept. Finally, two means of actuation are proposed to trigger snap-through of
the compliant structure with smart material actuators. This unconventional design
serves as a useful linear actuator that is relevant to aerospace applications as well
as other applications where low complexity and versatile engineering structures are
required.

1

1. INTRODUCTION

This thesis was extended and adapted from a manuscript of earlier work on this topic
published in the proceedings of the Conference on Smart Materials, Adaptive Structures, and Intelligent Systems in September, 2017 [1].
Conventional engineering structures and actuators are composed of a system of
separate components and moving parts. Every interface between these components
is a potential point of failure and allows for the introduction of friction. Each additional mechanism adds mass and complexity, which in turn adds cost and risk to any
engineering system. For instance, consider the diagram of a conventional mechanical
actuator in Figure (1.1). These conventional structures and actuators are useful to a
point, however they fall short of the increasingly restrictive requirements for reduced
mass and improved reliability in ˝elds such as aerospace and robotics.
Morphing compliant structures o˙er the potential for vast improvement upon conventional structures and actuators. They facilitate mechanical simplicity in design:

Figure 1.1. [2] A cross section of a conventional mechanical actuator, with
many individual components and moving parts. A compliant structure as
an actuator solves many of the problems associated with the bulk and
complexity of this traditional device.

2

Figure 1.2. [1113] Examples of solid state actuators, from left to right:
electroactive, shape memory alloy, and piezoelectric actuators. An ideal
actuator would have a high blocking force, large stroke length, and have
a wide response bandwidth.

elimination of independent mechanisms, reduced frictions [35], and the versatility
required to achieve multiple design objectives at once.
A signi˝cant source of mass and complexity in aerospace applications is added
by current actuation technologies which rely on mechanical, hydraulic, or pneumatic
systems. Solid state actuators such as piezoelectric, shape memory, and electroactive polymers have been studied as a potential solution to the drawbacks of these
actuation systems through their inherently small size, mass, and lack of mechanical
complexity [69]. However, these smart material actuators have their own drawbacks:
piezoelectric systems have a characteristically large blocking force and response bandwidth at the cost of achieving only small strains (and hence actuation stroke length).
Smart material systems are capable of producing large strains and high bocking force,
but lack in response bandwidth. Finally, electroactive systems achieve large strains
with small blocking force [10]. Examples of these systems are shown in Figure (1.2).
Unlike any one of the smart material systems mentioned above, an ideal actuator
is capable of all three desirable traits: large strains (stroke), high blocking force,
and large response bandwidth. Through coupling of a smart material system with a

3
compliant structure, it is possible to achieve this uni˝cation in order to manifest all
three desirable traits in a single component. [14]. This ideal actuation behavior can
be achieved through the exploitation of structural nonlinearity and pre-stressing to
augment the actuation behavior of smart material systems [15, 16]
For instance, consider a generic multi-stable compliant structure coupled with
smart material actuators, as shown in Figure (1.3). A multi-stable structure is a
structure with more than one possible con˝guration of static equilibrium (imagine a
slap bracelet or a tape measure, both of which have two stable equilibria: coiled, and
extended). Suppose this structure is bi-stable, with stable equilibrium positions when
it is contracted, and one when it is extended with an unstable equilibrium position
at some point in-between the two stable positions.
The stable equilibria are con˝gurations where the structure remains at rest; the
unstable position is a state of equilibrium that can only manifest in and ideal situation
with zero external perturbations. At the unstable position, the structure will fall into
a stable con˝guration in response to any external disturbance. The transition from
one stable state to another is referred to as snap-through.
To produce a large stroke length, snap-through of the structure between stable
positions can be triggered via a small local strain with a coupled smart material
actuator. Small energy input from this actuator can trigger the snap-through event
in the structure, thus creating a large global strain for the entire system. High
blocking force in this system is provided by the coupled smart material actuators and
is dependent on the amount of energy supplied to them. Additional sti˙ness and load
bearing capability in directions other than the direction of stroke can be designed
into the structure. Finally, a large response bandwidth can be obtained by triggering
snap-through in the structure in a controlled manner: fast, high frequency actuation
can be achieved by using the smart material actuator to trigger oscillations close to
the unstable position of the structure. Slow actuation can be initiated by using the
smart material actuator to trigger large oscillations, between the two stable equilibria.
The uni˝cation of these three desirable traits creates behavior that no smart material
actuator can achieve on its own.

4

Figure 1.3. Diagram of a conceptual compliant bi-stable structure, with
stable equilibria in the collapsed and unstable con˝gurations, and an unstable equilibrium in-between these two positions. By coupling this compliant structure with a SMART material actuator and exploiting nonlinearity and instability, an ideal actuator can be created.

5
A potentially useful class of multi-stable twisting structures that deform axially
upon twisting has been introduced in recent years [17]. These structures exploit geometric instability through the use of snap-through behavior of the structure between
equilibrium states that produces large deformations for relatively low energy input.
This family of twisting structures o˙ers a large parameter space that can be tailored
to give the structure large axial displacements upon twisting as well as customizable
equilibrium positions and sti˙ness. Past work by Lachenal et. al. [17] has introduced
the vast design space for these bi-stable twisting structures. While this work has
shown the potential for using these twisting structures in a design [18], there has
been only limited work done on how these structures could be actuated to exploit
their morphing characteristics.
The bi-stable characteristics of these structures is bestowed through pre-stress in
two composite laminate ˛anges as introduced by Lachenal et al. [17]. The pre-stress
is created by curing the composites in a curved shape on cylindrical tools. The cured
˛anges are subsequently ˛attened out, introducing pre-stress from bending (Figure
(1.4 (a))), after which rigid spokes are added maintaining each ˛ange at a ˝xed distance. The resulting class of lattice like twisting structures exhibit large in-plane
extension, schematically shown in Figure (1.4(c)). In the design of these structures,
focus is placed on tailoring the distribution of strain energy in the structure by utilizing the pre-stress step. The careful selection of various design parameters results
in a strain energy curve with multiple energy wells corresponding to stable equilibria
of the structure; in other words, the strain energy curve is tailored to create a multistable structure (Figure (1.4 (b))). This family of twisting structures o˙ers a large
parameter space that can be tailored to give the structure large axial displacements
upon twisting as well as customizable equilibrium positions and sti˙ness. However,
these systems lack su°cient bending sti˙ness to sustain loads, thus impeding their
application as load-bearing structures for actuation systems.
Modi˝cations to this class of structures to introduce load-carrying capabilities
has been proposed through replacing the lattice of spokes with a continuous web
component, thus creating a twisting I-beam [19]. An actuation strategy between the

6
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Figure 1.4. (a) Bi-stable twisting structure with discontinuous web component. The left side illustrates the method in which the ˛anges are
pre-stressed. The right side shows how the ˛anges are then assembled
with the web to create the structure, where twist angle, φ, is de˝ned as
the angle of displacement of the tip of the structure about its longitudinal
axis. (b) Conceptual strain energy curve of the twisting structure. The
pre-stressed ˛anges cause the structure to twist to one side in its initial
stable position, corresponding to a local strain energy minimum. The
straight position is at a local maximum of strain energy and corresponds
to an unstable equilibrium position. Snap-through of the structure occurs when it passes from its ˝rst stable position (twisted to one side) to
its second stable position (twisted to the other side). (c) The change in
length associated with twisting of the structure is shown here, where the
structure is untwisted on top, and twisted on the bottom. The coordinate
axis on the structure de˝nes the twist angle, φ.
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two stable twisted states for this type of structure using Macro Fiber Composite
(MFC) piezoelectric actuators has been proposed. These actuators were used to
excite the structure at resonance leading to large torsional de˛ections that ultimately
triggered snap-through events between equilibria [20, 21]. However, the sti˙ness of
the web prevents the I-beam structure from obtaining signi˝cant linear de˛ections
necessary for useful actuation.
The objectives of this thesis are to build upon the work done for the modeling and
design of the twisting I-beam structure. Focus will be placed on obtaining a compliant
structure design capable of large linear deformations from twisting. Models developed
for the twisting I-beam will be adapted to obtain the design. Additionally, methods for
actuating the snap-through motion of the bi-stable structure will be proposed. These
objectives are accomplished with the goal of contributing to the future development
of a functional linear actuator based on the compliant bi-stable twisting structure
that is load bearing, capable of producing a large stroke, and is able to achieve fast
actuation. These objectives are achieved through the presentation and publication of
the compliant structure design and proposed actuation methods in the proceedings
of the Conference on Smart Materials, Adaptive Structures, and Intelligent Systems
in September, 2017 [1].
The following chapters will address the development of a novel twisting structure
design based purely on compliance. This compliant bi-stable twisting structure is implemented as a linear actuator capable of bearing a load, producing a relatively large
stroke length, and can be actuated with smart material actuators. Finite element
modeling is used for analysis of the structure, where parameter studies of composite
layup, structure geometry, and material composition are used to adjust equilibrium
positions and stroke length of the actuator design. Through the coupling of a morphing structure with smart material actuators, large linear deformations are achieved
upon actuation of the structure. Finally, the design is adapted to function with a
plastic material and a physical 3D printed prototype is constructed to demonstrate
the compliant bi-stable linear actuator concept. This unconventional design serves
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as a useful linear actuator that is relevant to aerospace applications as well as other
applications where low complexity and versatile engineering structures are required.

9

2. MODELING AND ANALYSIS
Su°cient modeling of the twisting structure allows for design parameters to be tailored to result in desirable performance. In this regard, various models are considered
to describe the structural behavior of the compliant twisting actuator. Initially, an analytical model is considered that extends from previous work by Lachenal et al. [17,19]
and van Gemmeren [20, 21]. In addition to the analytical model, various FE models
are developed to aid in understanding of the strain energy, motion, and actuation of
the twisting structure.

2.1 Analytical Model
It is possible for a multi-stable structure to have several equilibrium positions that
are either stable or unstable equilibria. The equilibrium behavior of a structure can
be understood conveniently by determining the function describing the total energy
of the structure for any given amount of displacement, where points of zero slope
in the function correspond to equilibrium positions. A stable equilibrium point for
the structure corresponds to a local minima of its potential energy function. A local
maximum or in˛ection point of the potential function corresponds to an unstable
equilibrium position. It is desirable to identify displacements associated with stable
equilibrium points, as these are where the structure will reside in a state of static
equilibrium.
Through the use of variational methods, the local extrema of the stain energy
function can be determined by taking the variation of the function, δU , with respect
to variation of displacement, δφ (in this case twist angle of the structure) and equating it to zero. Any value of φ satisfying this requirement corresponds to a point of
equilibrium for the structure. This relationship is shown in Equation (2.1) [22]. Sta-
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bility can be determined by looking at the sign of the second functional derivative of
the potential function.

δU
=0
δφ

(2.1)

The analytical model developed by Lachenal et al. and later by van Gemmeren
builds on this concept. It describes the total strain energy in the twisting structure
as a function of its twisting angle, φ [17, 19]. The total strain energy of the structure
consists of contribution from each component: the two ˛anges, the web, and sti˙ening
elements. Each component's corresponding strain energy results from a combination
of membrane (compression/extension) and bending (or twisting) strains. The most
recent model and its relation to the current structure being developed herein is discussed in the following section.

2.1.1 Flange Strain Energy
Originally, only bending strains were considered for the ˛anges under the assumption that they are inextensible, hence having zero contribution to the strain energy
from membrane strains [17]. This assumption leads to some discrepancy between
analytical and FE results for the strain energy of the ˛anges, where it was found that
interactions between the ˛anges and web cause localized areas of membrane strain.
This issue was corrected through various means during development of a dynamic
model for a twisting I-beam structure [20].
First, the kinematic relationships that describe the twisting displacements of the
structure are developed. Since the ˛ange strain energy consists of contributions from
bending as well as stretching, expressions for curvature and extensional strains will
be sought out. The bending strain in the ˛anges is found using Mohr's circle [23].
The initial radius, Ri , necessary for the pre-stress of the ˛anges is accounted for by
shifting the ˝rst term of the strain tensor (x component) by −1/Ri . The second term
of the tensor (y component) is assumed to be zero due to the imposed constraint by
the sti˙ening components. The resulting strain tensor is given in Equation (2.2).
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Figure 2.1. De˝nition of dimensions and local coordinate systems for the
˛ange and the web.
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⎡
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⎥
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⎥=
κy
0
⎣
⎦ 2R ⎣
κxy
2 sin(2θ)

⎤

2R
Ri ⎥

⎥
⎥.
⎦

(2.2)

Where κi describes the x, y , and xy components of curvature, κx,initial is the strain
o˙set associated with the initial radius (Ri ) for pre-stressing the ˛anges. θ is the
angle that the ˛ange deviates from its initial straightened position in the x − y plane
upon twisting of the structure. Refer to Figure (2.1) for local coordinate de˝nitions.
The membrane strain of the ˛anges is determined using Green-Lagrangian strain
tensors to describe this strain. The deformed con˝guration, ~x, is found relative to

~ . Upon deformation, the ˛ange experiences
the initial undeformed con˝guration, X
a longitudinal change in length, corresponding to the x direction. There is also
a rotation about this axis, as well as a rotation about the vertical y axis. These
rotations are taken into account with the axial deformation during twist in order to
determine the deformation gradient determined with Equation (2.3).

F=

∂~x
~
∂X

(2.3)
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The deformation gradient is then used to determine the Green strain tensor in Equation (2.4).

1
E = (FT F − I).
2

(2.4)

I is the identity matrix in this expression. The longitudinal component of this tensor
is of interest here, hence the ˝rst term of the tensor, E is taken to determine the
longitudinal strain in the ˛anges. After transforming the coordinate system to that
of the ˛ange's local coordinate system, and neglecting terms involving thickness of
the ˛ange (since the ˛ange is a thin shell, the thickness is considered to be negligible
compared to other terms), the longitudinal and bending strains of the ˛ange are
determined as given in equations (2.5) and (2.6).


R2 φ2 φ2 2
0
εx = 1 −
y
2L2
L2

κx =

Rφ2
.
L2

(2.5)
(2.6)

φ is the angle of twist of the entire structure about its longitudinal axis, as shown
in Figure (2.1). This can be determined geometrically from θ with the expression in
Equation (2.7).

φ=

L
R sin θ

(2.7)

The model above uses the assumption that the radial sti˙ness of the web prevents
movement of the ˛anges in the radial direction. This only holds for the middle region
of the ˛anges; the outer regions reside at a position other than a distance of R from the
beam axis when twisted. As a result, strain along the edge of the ˛anges is actually
smaller than predicted using Equation (2.5). A reduction factor, γ , is introduced to
lower the strain at the edge of the ˛anges to the amount determined with another
model that assumes that sti˙eners are connected by straight lines upon twisting, thus
allowing for the consideration of points on the ˛ange that are located at a position
less than R (refer to Section 3.2.3, Model B in [20] for further details).
At this point, the model relies on the assumption of inexstensibility at the center
line, or zero longitudinal strain in the ˛anges where they interface with the web. This
is found to be untrue according to an FE analysis due to interaction at the edge
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of the web where it interfaces with the ˛ange. Therefore another correction factor,

β , is introduced to correct for this in˛uence. β shifts the total strain distribution
of the ˛anges resulting in an expression for membrane strain in the ˛anges given in
Equation (2.8).

ε0x



R2 φ2 φ2 2
= 1−γ 2
(y − β).
L
2L2

(2.8)

Expressions for strain in the ˛anges are then used to determine the strain energy
of the ˛anges using the general expression shown in Equation (2.9) [24].
Z
1
0
U=
ε Cε dV
2 V

(2.9)

Where ε is the strain tensor describing the total strain (ε0x and Δκ), C the sti˙ness
matrix, and V is the volume.
Finally, the system is assumed to behave in a geometrically nonlinear manner and
the material is assumed to be characterized with in˝nitesimal strains, behaving as a
linear elastic material. Applying Classical Lamination Theory and the expressions for
bending and membrane strain, the total strain energy of the two ˛anges is reduced
to the following equations:

Uf lange−memb

L
=
2

Z

1
Uf lange−bend = LW Δκ> D∗ Δκ,
2

(2.10)

D∗ = D − BA−1 B,

(2.11)

W/2

A11 ε◦x 2 dy =
−W/2

 W 5 βW 3

φ4
2
2
A
−
+
β
W
11
80
6
8L3

Uf lange−total = 2(Uf lange−memb + Uf lange−bend )

(2.12)

(2.13)

Terms containing A, B, and D represent the sti˙ness matrices derived with Classical Lamination Theory, Δκ is the bending strain, and L and W are the length and
width of the ˛anges respectively, as shown in Figure (2.1).
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2.1.2 Web Strain Energy
For the analytical model, the web is split up into segments shown in Figure(2.1).
As seen in the ˝gure, there are regions designated as either a web segment or a
sti˙ener segment. There are three web segments, and four sti˙ener segments.
The membrane strain in the web is determined with the same method as for the
˛anges, except relative to the web's local coordinate system (Figure (2.1)). This
expression is given in Equation (2.14).

ε0x =

φ2 2
(z − R2 ).
2L2

(2.14)

To obtain the strain energy from Equation (2.14), Equation (2.15) is used, with t as
a parameter determined using the FE model of the structure.
Z

A11 φ4  8 5 t5 2t3 R2
L R
4
Uweb−memb = 2
A11 ε◦x 2 dz =
R
−
+
−
R
t
4L3 15
5
3
2 t

(2.15)

The strain energy resulting from twisting of the web and sti˙eners is determined
with an FE analysis. In this analysis, equivalent geometries are found to represent
the shape of the sti˙eners and the web with simple rectangular dimensions. These
dimensions are used in combination with the bending compliance, δ66 , to obtain
equivalent torsional sti˙ness terms (Γw , Γs ) that are used to determine strain energy
from twisting.

Uweb−bend =

4φ2 R
φ2 R
(Γ
i
+
Γ
j)
=
(ww i + ws j) .
w
s
δ66 L2
L2

(2.16)

Here, ww and ws are the equivalent widths of the representative geometries for
the web and sti˙eners, i is the number of web segments (separated by sti˙eners), and

j is the number of sti˙eners.
The total strain energy from the web is given in Equation (2.17):

Uweb−total = Uweb−memb + Uweb−bend

(2.17)
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2.1.3 Total Strain Energy
Finally, the contributing components of strain energy are summed to determine
the total strain energy in the structure, as expressed generally in Equation (2.18).
(2.18)

Utotal = Uf lange−total + Uweb−total

Further details regarding this result are available in the works of Lachenal et al. and
van Gemmeren [17, 19, 20].

2.1.4 Accuracy of the Analytical Model
Original work with this model for the twisting I-beam structure showed good
accuracy when compared with FE results [20]. After the addition of an initial o˙set
for the FE data set, the results track within reasonable error for twist angles, φ, from

0◦ to 90◦ . However, a signi˝cant discrepancy manifests for larger angles, greater than
90◦ , as seen in Figure (2.2(a)). This is important as later analysis is concerned with
large twist angles.
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Figure 2.2. Figures showing the discrepancy in the analytical model for
large angles of twist (φ > 90◦ ). a) Original twisting I-beam design. b)
Twisting structure design with minimal web.
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Figure 2.3. Comparison of analytical and FE model results for strain
energy contributions from ˛ange and web. These results are the same as
presented in Figure (2.2(b)).

In Figure (2.2(b)), FE results for a variant of the structure with minimal web that
allows for large angles of twist, approaching 1.5 revolutions, or more than 500◦ , is
plotted with results from the analytical model. It is apparent that after φ ≈ 90◦ , the
models do not correlate and the results diverge. It is noteworthy, however, that the
general shape of the curves (local extrema, in˛ections, etc.) remain similar. Figure
(2.3) plots the strain energy contributions of the web and ˛anges for the same results
presented in Figure (2.2(b)).
This discrepancy could be caused by a number of factors. The model derivation
thus far has obtained a fourth order expression for membrane strain in the structure
(Equation (2.5), (2.14). It is possible that a higher order expression for strain is
required to improve accuracy of the model for displacements beyond φ = 90◦ . This
could be achieved by including more terms in the binomial expansion used when
deriving the analytical model (refer to Lachenal [17, 19] and Gemmeren [20]).
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2.2 Finite Element Models
Various FE models are developed to capture di˙erent aspects of strain energy
characterization, actuation, and pre-stress of the twisting structure. The models
feature four node shell elements (S4R) with a mesh sizes of 1.7676 mm × 1.7676 mm,

2 mm×2 mm, or 3 mm×3 mm depending on the model. The di˙erent mesh sizes allow
for web and ˛ange mesh alignment, and for re˝ned placement of actuating elements
(as described later) and do not cause any discrepancy in results. Nonlinear geometry
is enabled for all analyses as the structure is geometrically nonlinear, material strains
are assumed to be in˝nitesimal and behave linear elastically. Finally, the structure
response is studied under a quasi-static assumption.
The pre-stress in the structure's ˛anges responsible for producing bi-stability is
modeled in one of two ways depending on the model in question. In the ˝rst method,
the pre-stress is created in a separate analysis where a displacement boundary condition is imposed to ˛atten the two ˛anges from a stress-free shape de˝ned by an initial
radius, Ri (Similar to the process illustrated in Figure (1.4(a))). The stress ˝eld and
geometry of the ˛anges at this stage of the analysis are then imported into the main
model as a prede˝ned ˝eld and orphan mesh, which is secured to the web component
with tie constraints. The imposed boundary conditions constrain displacement of the
structure's twisting axis in the y and z directions at its twisted end, and displacement
of the vertical axis of the opposite end constrained in the x, y, and z directions. This
analysis is required for model variants made with composite laminates.
The second method of inducing pre-stress in the ˛anges utilizes the thermal expansion method as proposed by Latalski [25], which is useful for model variants constructed with 3D printed materials (the applied temperature ˝eld associated with
this modeling technique would be di°cult to implement with composite lamina section properties). Assuming the vertical strain distribution in the curved ˛ange is
linear and corresponds to Euler-Bernoulli beam theory, the strain distribution can be
written as follows:
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εx =

y
Ri

(2.19)

Where Ri corresponds to the initial radius of the ˛anges and y to the height of the
˛ange above the neutral axis. The ˛anges are assigned an orthotropic coe°cient of
thermal expansion (CTE) in the α11 direction (corresponding to the x axis), and given
a linear temperature distribution prescribed with a prede˝ned ˝eld in the ˝rst step
of the simulation. In order to replicate the linear strain distribution in the model,
the CTE, temperature distribution, and ˛ange thickness are chosen such that the
following relationship holds:

εx,max = α11 × Tmax ×

h0
2

(2.20)

Where εx,max is the maximum allowable strain (less than or equal to the yield
strain), Tmax is the amplitude of temperature ˝eld, and h0 is the thickness of the
˛ange.
Analysis of each model consisted of multiple steps: ˝rst, the structure is allowed
to settle in its unstable equilibrium position in a relaxation step. In this step, the
temperature ˝eld is applied for models utilizing the thermal expansion technique.
Second, the structure is twisted at its free end with a displacement boundary condition
to an amount just past the structure's stable equilibrium position, which is typically
about 6 radians for the structure variants studied herein. Next, the structure is
allowed to settle again into its twisted equilibrium position in an additional relaxation
step. At this point, the equilibrium behavior of the model in question is ready for
study after the strain energy of the structure at every time step is acquired from the
analysis outputs.
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3. PARAMETER INVESTIGATIONS
Compliant twisting structures such as the ones studied herein are characterized by
a vast parameter space. Consequently, it is impossible to consider all variables that
in˛uence the performance of a given design simultaneously. As such, various parameters are chosen for further study while the rest remain ˝xed. A primary goal of this
project is to develop a variant of the helical twisting structure that maximizes twist
angle and linear change in length (or stroke) at its stable equilibrium positions. A
design with this characteristic lends itself for application as a linear actuator. Possible
stroke lengths of the structure will hence be investigated by varying discontinuities
in the geometry of the web component, as detailed in Section 3.1. Since large strokes
are of interest, the parameter study will use ˝nite element models, as the analytical
shows discrepancy for the large twist angles necessary to create a signi˝cant stroke.
Furthermore, material choice of the structure has potential implications on its
versatility and manufacturability. If multiple material variants of the structure are
demonstrated, its scaling potential and usefulness across many ˝elds can be highlighted. As such, the constituent material of the structure and its e˙ects on performance will be demonstrated by modeling and manufacturing the structure with a
fused deposition modeling (FDM) 3D printer.

3.1 Stroke Length from Web Discontinuity
The elasticity and geometry of the structure are responsible for the bi-stable twisting characteristics. In an e˙ort to understand the e˙ects of web geometry on the
equilibrium behavior of the structure, a Python script is used to loop through and
perform analysis on di˙erent design parameters for the geometry of the web. This
is done with the objective of enabling large actuation stroke lengths to be obtained,
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since the change in length of the structure upon twisting is dependent on a large
equilibrium twist angle.
The stable equilibria of the structure are related to the minimum internal strain
energy; hence the twisted equilibrium positions of the structure can be determined
by identifying the local minima of the strain energy with respect to twist angle.
The strain energy curve of the entire structure (Figure (3.1) behaves as a ˝fth order
polynomial, with a local maximum and two minima in its strain energy curve. The
curve results from the individual strain energy contributions of the component parts.
The ˛ange strain energy is also ˝fth order, and the web is quadratic.
In considering the ˛anges on their own, it is apparent that they are the source of
the stable equilibrium due to the local minimum in their corresponding strain energy
curve. In contrast, the web has a minimum strain energy for zero twist angle, and
thus does not in˛uence multi-stable behavior outside of altering the total strain energy
curve for the entire structure. Therefore, in the context of the complete structure,
the parabolic strain energy curve of the web can be used to tailor the speci˝c twist
angle of the structure's stable equilibrium position. By increasing or decreasing web
sti˙ness, the strain energy contribution of the web changes, which shifts the local
minimum of the total structures energy curve to a larger or smaller equilibrium angle
when increasing or decreasing web sti˙ness respectively.
The web sti˙ness is proportional to the amount of material that it is composed
of, therefore it can be adjusted by either adding or removing material by modifying
its geometry. In order to understand the e˙ect of geometry on the structure's equilibrium positions, a parameter study is conducted using Python scripting of Abaqus
introducing a discontinuity in the web's geometry as the variable. The e˙ect of this
modi˝cation is investigated through simulations to obtain the strain energy curves
for each variation of web geometry. Discontinuity length is measured as the length
between adjacent web elements, as shown in Figure (3.2(a)). Two di˙erent web designs are considered: square web elements, and web elements with circular cutouts
(Figure (3.2(a))).
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Figure 3.1. Strain energy and component strain energies of a multi-stable
twisting structure. Flange and total strain energy scale is on the left hand
axis, and web strain energy is on the right. Note the scale of web strain
energy is smaller than ˛ange and total strain energies.

For the rectangular web cut outs spaced at discontinuity distances from 0 (continuous web, see Figure (3.2(a)) to 100mm (almost no web) are considered. The
smaller discontinuity lengths result in the web dominating the structural behavior,
which eliminates the bi-stable behavior of the structure. As one would expect intuitively, the larger discontinuities result in equilibrium points at larger twist angles,
showing qualitatively similar behavior to the lattice structures in [17]. Variants with
rectangular geometry of the web shows that buckling occurs for very large de˛ections.
The postbuckled web shows a reduction of its in-plane sti˙ness causing this type of
twisting compliant linear actuator to collapse.
The second geometry considers circular cut outs in the web elements, similar to
those found in the I-beam structure. One more analysis is conducted, varying the
discontinuity value, which for this design is measured as the length between adjacent
web elements at their interface to the ˛ange, or the regions where the circular cut out
is absent (Figure (3.2(b)). From this analysis, the strain energy curves are obtained
to characterize the equilibrium behavior of the structure, and the displacement of the
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structure at the tip of its twisting axis is measured in order to determine the overall
strain when twisted. The results are shown in Figure (3.3(a)), and (3.3(b)).
The results of this analysis indicate strains of 9 to 14.5% at equilibrium positions
are possible (Figure (3.3(a)), where strain of the structure is de˝ned as the percent
change in length when the structure is twisted to its equilibrium position:  =

ΔL
∗100.
L

A ˝gure of the FE model illustrating this strain can be found in Figure (3.4). These
strains demonstrate that the discontinuous web structure with semicircular cut outs
is suitable for use as a linear actuator.

3.2 Material Selection: Composite Laminate and 3D Printing
In the past, this type of helical structure has been modeled and constructed using
composite laminates. The use of composite laminates allows for control over sti˙ness via stacking order and orientation of the plies. Composite materials are also
lightweight which is favorable for aerospace applications.
The ˝rst prototype variant considered here is constructed with composite laminates, in the same way as the original structures developed in the foundational works.
The ˛anges of this variant consist of carbon ˝ber reinforced prepreg (CFRP) ˛anges
with a [02 /90/02 ] layup (properties in Table (3.1)). The web consists of a glass ˝ber
reinforced prepreg (GFRP) with a [90/0/90] layup (properties in Table (3.1)). The
advantages of using composite materials for this structure lay in their light weight and
ability for the laminate to be customized to tailor sti˙ness of the structure. An actuator design made from composite materials will highlight its potential for aerospace
focused applications.
It is also interesting to investigate the possibility of constructing the structure from
an alternative material. Fused deposition modeling (FDM) 3D printing is one such
option that is considered herein. A 3D printed structure is favorable for its relative
ease and speed of manufacture. Since the bi-stability of the structure depends on
strain energy, and strain energy is proportional to the sti˙ness of the material (refer
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(a)

(b)

Figure 3.2. a) Web geometry variations. From left to right: discontinuous
web with circular cut outs, no web (max discontinuities), complete web
(no discontinuities). b) Discontinuity sizes resulting in useful structures;
70mm and larger discontinuities result in at least a 10% change in length.
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Figure 3.3. a) Axial strain vs. twist angle for several di˙erent discontinuity lengths for the structure with circular cut out web geometry.
Equilibrium positions are marked with x, and favorable strain of 10%
marked with a dashed line. b) Strain energy curve for several di˙erent
discontinuity lengths for the structure with circular cut out web geometry.

ΔL

Figure 3.4. FE model of twisting structure with discontinuous web with
circular cut outs. The top corresponds to the structure's unstable straightened equilibrium position, and the bottom to its stable twisted equilibrium
position.
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Table 3.1.
Material properties of Hexcel R 8552/IM7 [26] and 913/E-Glass [27]. Eij
is the modulus, Gij the shear modulus, νij the Poisson ratio, and t is the
ply thickness.
Material

E11 GPa

E22 GPa

G12 GPa

163.7

11.5

5.0

43.7

7.5

4.3

8552/IM7
913/E-Glass

ν12

ν21

tmm

0.3

0.021

0.11

0.3

0.052

0.13

to Equation (2.9), the choice of an alternative material has a signi˝cant impact on the
strain energy and hence the manifestation of the bi-stable behavior of the structure.
Simply switching the material from a composite laminate (E11 ≈ 170GP a) to
a material printable with an FDM 3D printer (E ≈ 3GP a) shows a monostable
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structure, as illustrated with the strain energy curves in Figure (3.5).
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Figure 3.5. Simply switching the material properties of the FE model
from composite laminates to 3D printable polymers results in a structure
without bi-stability. The strain energy curves shown in this ˝gure correspond to a structure composed of a material with a modulus of 2.5GPa,
which is in the range of the modulus of PLA. The ˝gure shows no energy
wells, hence the structure is only monostable. A bi-stable structure would
correspond to a plot similar to Figure (3.1).
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The low modulus results in an inadequate initial strain energy when the structure
is twisted at φ = 0. The initial energy in the structure results from the pre-stress
of the ˛anges. This energy contribution from the pre-stress must be su°ciently
large such that the total strain energy of the structure initially decreases as the
˛anges are allowed to bend upon twisting. At a certain point, twisting strain energy
and membrane strain energy in the web take over as dominant contributors to the
total strain energy as the pre-stress in the ˛anges is relaxed. This point in the
deformation of the structure manifests as a local minimum in the strain energy curve,
and corresponds to a stable equilibrium of the structure.
Following from this, it is easy to consider that a low initial energy in the structure
from an inadequate pre-stress of the ˛anges will result in an insigni˝cant contribution
to the total strain energy, thus causing the structure to lack bi-stability.
This is what happens when the composite laminate in the original model is substituted with a material characterized by a low modulus; the pre-stress procedure that
manifested bi-stability in the original composite structure does not provide enough
initial strain energy to the ˛anges to instill bi-stability in the 3D printed structure.
With FDM 3D printing there are limitations that make it di°cult to increase
modulus by selecting a di˙erent material. Most printable materials to date are plastics
and do not approach the modulus required for the pre-stress procedure carried out for
the composite structure. Additionally, the strain energy is only linearly proportional
to the geometry of the ˛anges (Equation (2.9). Hence, changing the geometry of the
˛anges would not signi˝cantly increase initial strain energy. An alternative method
of increasing the initial strain energy is by increasing the strain of the ˛anges during
the pre-stress procedure. This is the best option since strain energy is proportional
to the square of the strain (or the scalar product of the strain tensor with itself). In
this regard, the initial radius of curvature, Ri , is decreased in order to achieve the
desired pre-stress because the required strain to ˛atten out the ˛anges increases for
smaller radii.
The smallest possible pre-stress radius of the ˛ange depends on the maximum
allowable strain before yielding of the material. Once the material yields, it will
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release its stored energy, thus negating the purpose of the pre-stress procedure. The
radius of pre-stress is related to the maximum strain in the ˛ange through 2.19. This
is assuming the ˛ange behaves according to Euler-Bernoulli beam assumptions as it is
pre-stressed. What is di˙erent in this case however, is that instead of deforming from
a straight to bent con˝guration as in conventional beam examples, the ˛ange starts
out bent and ends in a straight con˝guration. This is illustrated in 3.6. Additionally,
this expression for strain in the ˛anges corresponds to that used by Lachenal et al. [17]
at zero twist.

Figure 3.6. Linear strain distribution through the thickness of the ˛anges
due to pre-stress. The ˛ange starts out on the left with an initial radius,
Ri , and is subsequently ˛attened in the pre-stressing procedure. The prestress creates a linear strain distribution, shown on the right of the ˝gure.

This assumption is veri˝ed using a model of a ˛attened ˛ange in Abaqus and
applying a pre-stress according to Equation (2.20). The ˛ange is ˝xed at one end,
and a temperature ˝eld is applied to create the pre-stress. This model is expected
to behave in the reverse process as the actual pre-stressing procedure. In the actual
process, the ˛ange is constructed with an initial radius, then ˛attened out. In this
model, the ˛ange is starts out ˛at and ends in its curved position.
In the analysis, the ˛at ˛ange is given a pre-stress according to Equation (2.20).
Parameters in Equation (2.20) are chosen to equal the maximum allowable strain
(yield strain), then allowed to curl up on itself. It is expected that the radius of
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the curled ˛ange after the temperature ˝eld is applied corresponds to the pre-stress
radius calculated with Equation (2.19).
One possible material choice for the structure is the polymer polylactic acid (PLA).
PLA is a common material used in FDM printing, and does not warp much when
printed. This is desirable since the twisting structure is composed of thin shell-like
features that are prone to warping.
When considering material properties of PLA (Table (3.2), the maximum allowable strain corresponds to a pre-stress radius of 7.85mm. This radius matches the
results of the model, where the parameters in Equation (2.20) were chosen to re˛ect
the maximum allowable strain (yield strain given in Table (3.2). Figure (3.7) shows
the deformed model.
Table 3.2.
Material properties of PLA [28] and minimum allowable pre-stress radius
per Equation (2.19).

E
PLA

MPa
2346.5

εyield

%
3.3

Ri,min

mm
7.58

The parameters from the above analysis are applied to the full model using the
same thermal expansion analogy to test whether this pre-stress (Ri = 7.85mm) is
su°cient to allow for bi-stability in a structure made of PLA. The results of the
simulation show a strain energy curve indicative of bi-stability, as seen in Figure (3.8).
This indicates the feasibility of replicating the helical bi-stable twisting structure with
an FDM 3D printer.
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Figure 3.7. Using the thermal expansion analogy to model pre-stress in
the ˛anges, the parameters in Equation (2.20) are applied to the straightened ˛ange model to verify that the pre-stress results in the correct radius,
Ri , determined with Equation (2.19) and the maximum allowable strain
for PLA.
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Figure 3.8. Applying a maximum amount of pre-stress to the ˛anges
(limited by yielding strain of PLA) in the PLA FE model shows an energy
well in the strain energy curve. This indicates that it is possible to achieve
bi-stability with a structure made of PLA.
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4. EXPERIMENTAL VALIDATION: 3D PRINTED STRUCTURE
Following from the conclusions of the FE analysis in Section 3.2, A prototype of the
twisting structure is designed and manufactured using FDM 3D printing. An Ultimaker 3 Extended is used and Ultimaker sourced PLA (properties in Table (3.2)) is
chosen to be the composition of the structure. Readily available super glue (cyanoacrylate) is used in combination with baking soda to adhere the ˛anges to the web. Strips
of cardboard and painter's masking tape are used to aid in assembly.

4.1 PLA Structure Design
The structure's dimensions are shown in Figure (4.1). The smallest practical shell
thickness capable of printing with the Ultimaker 3D printer is 0.5mm. This was
determined through trial and error.
A maximum pre-stress radius, Ri , is chosen for the ˛anges to be 7.85mm. Since it
is impossible to print a 350mm ˛ange with a radius of curvature equal to 7.85mm, a
spiral is printed instead to approximate this radius. The inside of the spiral starts out
with a radius of 7.85mm, and spirals outward until the arclength of the spiral is equal
to the ˛ange length of 350mm. To aid in assembly, a tolerance of approximately 2mm
is added onto the length of the ˛ange. The maximum radius of the resulting spiral is
about 12mm depending on the quality of the print. The impact of this design on the
behavior of the structure in comparison to the FE model is unclear due to signi˝cant
in˛uence of viscoelastic e˙ects discussed in Section 4.2.
A web is chosen with 70mm discontinuities (refer to Section 3.1 for details on
web parameter variation) to facilitate a large stroke length while leaving some web
material present to maintain transverse load bearing capability. The web is given a

1mm overhang where it interfaces with the web to facilitate good adhesion with the
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˛anges. All corners of the web components were given ˝llets with a radius of 1mm
to prevent stress concentrations and to insure good printing quality.
The sti˙eners are modi˝ed from previous web designs by adding their own cut outs
(Figure (4.1)). This allows them to be su°ciently compliant, as they were found to
be too sti˙ in previous design iterations. Additionally, tabs are added to the sti˙ener
regions to serve as attachment points for actuation devices.
The structure is printed with customized printing settings that are shown in Appendix A, Table (A.3). These settings are necessary to insure the quality of the parts
since their thin shell thickness pose many problems when applying default print settings. Once the parts are printed, the excess material is removed with small wire
cutters, a knife, and sand paper.
Readily available super glue (cyanoacrylate) is used in combination with baking
soda to secure the parts together. A combination of Loctite Ultra-Gel Control and
Gorilla Glue brands were used here. The baking soda helps the glue set quickly, which
is necessary as the pre-stressed ˛anges are di°cult to handle. It is helpful to sand
the web components where they will attach to the ˛anges to allow for good adhesion
when glued. A detailed assembly procedure is included in Appendix A. Figure (4.2)
shows the 3D printed parts for the structure. The assembled structure is shown in
Figure (4.3).

4.2 Viscoelastic E˙ects on Flange Pre-stress
The in˛uence of viscoelastic e˙ects on the PLA material are signi˝cant. Test
pieces stored with externally applied pressure are noticeably deformed after a few
hours. Creeping behavior as seen in the test pieces is detrimental to the structure's
pre-stress and bi-stable characteristics. In an e˙ort to understand how this a˙ects the
twisting structure, a brief test is performed to obtain a rough estimate of how much
the pre-stress in the ˛anges relaxes over time as a result of this viscoelastic creeping
phenomenon.
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Figure 4.1. Diagram of dimensions of twisting structure, in mm.

Figure 4.2. 3D printed PLA components of twisting structure.

The e˙ects of relaxation are tested with a spare ˛ange with maximum pre-stress
(Ri = 7.58) The ˛ange is taped down to a rigid surface with painter's masking tape
for one hour. This is roughly the amount of time it takes to assemble the physical
prototype. This time period is chosen because if the ˛anges relax signi˝cantly during
this period, then by the time a structure is assembled, it is possible that the ˛anges
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Figure 4.3. PLA structure in its equilibrium positions. From top to
bottom: ˝rst stable equilibrium, unstable equilibrium, second stable equilibrium.

have relaxed to the point where there is not enough pre-stress to induce bi-stability
in the structure.
After an hour, the test ˛ange is un-taped and the minimum and maximum diameter are measured with calipers. The average of this value resulted in a new Ri
of 11.25mm. This is applied to the FE model to study relaxation's e˙ects on equilibrium position. The resulting maximum strain in the ˛ange per Equation (2.19) is

εx =

h0 /2
Ri

= 0.0222. This is a 33% di˙erence from the ideal maximum pre-stress case

(εx = 0.033, corresponding to the radius Ri = 7.58mm and related through Equation (2.19). After applying this result to the FE model (using Equation (2.20)), the
resulting equilibrium position changes by 37%, from φ = 313◦ to φ = 196◦ .
This drastic change in pre-stress and equilibrium position indicates that a working
time of one hour signi˝cantly in˛uences the structure's behavior. This has implica-
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tions that the ability of the FE model to accurately predict the change in length and
equilibrium behavior of the PLA structure variant is limited, since the model does
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Figure 4.4. A comparison of the PLA structure with an Ideal pre-stress,
and with an approximation of the pre-stress after one hour of handling
during assembly. The results show signi˝cant change in equilibrium position due to the creep behavior of the ˛ange.

4.3 Physical Specimen Results
The change in length of the physical model is recorded in Table (4.1). The measurements are measured with a ruler, to centimeter scale, since creep e˙ects in the
structure happen quickly, making accuracy to millimeter scale questionable. Work
time for the assembly of this structure spanned 1.5 hours, hence relaxation of prestress in the ˛anges is likely signi˝cant.
The straightened length of the structure is measured to be 340mm. This is shorter
than the speci˝ed length of 350mm due to small errors in alignment during assembly
of the structure. The two stable equilibrium positions showed good symmetry. Both
change in lengths are measured to 230mm. This corresponds to a linear twisting
strain of εΔL = 32%.
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Table 4.1.
Measured parameters and equilibrium behavior of physical structure.

ΔL mm, Right

ΔL mm, Lef t

L mm

W ork T ime hr

230

230

340

1.5

Viscoelastic e˙ects in the structure are immediately noticeable: the web components develop a bias in a certain direction if held in a twisted state for longer than a
few minutes. This causes the symmetry in regards to change in length of the structure
between both stable equilibrium positions to disappear within a short time after the
structure is assembled.
Additionally, when compared to previous prototypes, it is apparent that the previous prototype ˛anges relaxed at a signi˝cantly higher rate than the current prototype.
The past prototypes did not twist as much, putting more stress on the ˛anges as they
were not allowed to bend to the same degree as this model. The sustained stress
in previous prototypes allowed for quick relaxation of the pre-stress and loss of bistability in those prototypes. Here, in the current model, the degree of bending of
the ˛anges prevents this, thus allowing the structure to be bi-stable for a relatively
extended amount of time.
For periods approaching one day or more, the structure appears to collapse in on
itself when stored in a twisted con˝guration. This is due to the creeping of the web
components, which allows the remaining pre-stress in the ˛anges to minimize their
potential further by collapsing the structure in on itself in a non-uniform way.

4.4 Physical Model Comparison to FE Analysis
The FE model using the thermal analogy to create pre-stress in the ˛anges is used
in comparison of numerical to physical results. The physical model is shown next to
the FE model in Figure (4.5).
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Figure 4.5. A qualitative comparison of the twisting shape between the
physical model and the FE model.

When applying the ideal pre-stress to the model (Ri = 7.58mm, εmax = 3.3%),
convergence issues arise causing the model to terminate analysis before reaching equilibrium (Figure (4.6)). The elements responsible for this are located near the edges of
the ˛anges, hence the convergence issues are thought to be caused by local instabilities
in the ˛anges.
Due to the signi˝cance of the viscoeleastic behavior of the PLA material, various
degrees of pre-stress are applied to the FE model in an e˙ort to understand the
results of the physical model. Pre-stress corresponding to the maximum strain values
of εmax = 1.3, 1.4, 1.5, and 1.6% are used. The strain energy curves of these cases are
plotted in Figure (4.6). In this ˝gure, strain energy is plotted with change in length
instead of twist angle to aid with the comparison to the physical model.
The model shows a high sensitivity in regards to pre-stress of the ˛anges. Most
results in Figure (4.6) show unconventional behavior of the structure. Only plots
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with εmax = 1.3 and 1.4% show potential wells corresponding to normal equilibrium
behavior from twisting. The other wells arise due to the structure collapsing in on
itself. Figure (4.7) shows the di˙erence between a structure in a twisted equilibrium
position and a structure that has collapsed.
Based on the current analysis, no quantitative comparison can be drawn between
the physical model and the numerical results. It is apparent that the actual degree
of pre-stress in the physical model varies signi˝cantly from the ideal case, as only the
smallest pre-stress values begin to match expected behavior in this case.
Besides relaxation e˙ects, another important source of discrepancy between numerical and physical results is the manufacturing quality of the component parts.
The Ultimaker 3D printer is pushed to its limits when creating these thin shelled
components. The desired thickness for the components is 0.5mm, however the actual
thickness is found to be as large as 0.7mm in some areas of the component parts.
The increased thickness contributes to the strain energy in the physical model, thus
in˛uencing equilibrium twist length. The increased thickness in the web components
also results in a structure less prone to collapse.
Finally, it is important to note that material behavior of FDM 3D printed ˝lament
is inherently variable. Material properties used in this analysis come from an o°cial
Ultimaker speci˝cation sheet, however these properties could vary signi˝cantly during
and after the printing process. In the future, a characterization of material properties
that takes into account the printing process and geometry of this structure would
prove bene˝cial to the numerical modeling e˙ort.
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Figure 4.6. Strain energy curves of the FE model for varying amounts
of pre-stress. The ideal case (Ri = 7.58mm, εmax = 3.3%) is shown
in the bottom plot. The only plots showing conventional equilibrium
behavior are the top plots with εmax = 1.3and1.4%. All other plots show
pre-stress values only resulting in collapse of the structure, as shown in
Figure (4.7). Each plot shows available strain energy data up until the
analysis terminates due to convergence issues.
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Figure 4.7. Comparison of shapes corresponding to local strain energy
minima. The left shows a twisted equilibrium position, and the right
shows a collapsed structure. Only models with a pre-stress corresponding
to εmax = 1.4% or less have the normal twisted equilibrium behavior; any
larger amounts of pre-stress only show collapse of the structure.
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5. ACTUATION METHODS
By controlling snap-through of the helical twisting structure, it is possible to create a
useful linear actuator. This can be achieved by securing small component actuators
to the main structure components. The coupling between twisting and linear motion
of the overall structure can be controlled by exploiting the twisting and axial strains
that characterize the structure's motion.
Such an application of component actuators allows for small and quick oscillations about the structure's unstable equilibrium position (when it is straight and
untwisted), as well as slower but large axial deformations resulting in snap-through
of the structure between its two stable and twisted equilibrium positions.
The structural features of the twisting compliant structure allow for triggering
the actuation by imposing local strains exploiting the coupling between twisting and
linear de˛ections. Two methods of actuation are considered in the following chapter
(Figure (5.1)).

5.1 Actuation from Induced Bending Strain
First, recall that the ˛anges are primarily characterized by bending strain from
the original ˛attening pre-stress. The application of negative strain on the top of
the ˛ange cancels the tendency of the ˛ange to bend toward its initial pre-stress
radius (Figure (5.2)). This, in turn, straightens the structure, causing it to untwist
until reaching the unstable straight con˝guration. At this stage, snap-through can be
triggered to allow the structure to twist to its second stable equilibrium con˝guration,
resulting in linear contraction of the main structure.
This method is similar to that used by van Gemmeren et al. to dynamically
control the twisting I-beam structure [20, 21]. In that case, piezoelectric Macro˝ber
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Figure 5.1. Proposed actuation methods for component actuators of
the twisting structure. The ˝rst method exploits bending of the ˛anges,
pulling them ˛at to untwist the structure. The second untwists the structure by pulling opposite ˛anges to create a twisting moment about the
longitudinal axis until the structure is untwisted.

Figure 5.2. The e˙ect of the mated actuator (in red) on the linear strain
distribution through the thickness of the ˛ange. The actuator cancels out
the strain distribution, hence negating the e˙ects of the pre-stress. This
allows the structure to unwind from its twisted equilibrium position.

Composite actuators were mated to the top surface of the ˛anges and excited at
resonant frequencies of the structure to induce snap-through oscillatory motion.
The same concept is explored here with the current FE model, except in a quasistatic manner with larger strains. The FE model consisting of two separate analyses
(with separate jobs for the pre-stress and the twisting action) is given thin strips of
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hypothetical actuator material that are mated to the outward faces of the ˛anges with
tie constraints (Figure (5.3)). This material uses the thermal expansion analogy to
simulate strain induced from the actuator. The results from this analysis show that
the model is capable of untwisting the structure from its stable equilibrium position.

Figure 5.3. Mated actuator concept, where smart material actuators are
secured to the outside surfaces of the ˛anges. The actuators are modeled
in Abaqus as strips of shell elements tied to the ˛anges. A coe°cient
of thermal expansion and temperature ˝eld are applied to simulate the
actuation. The contraction of the actuators results in the cancelation
of the pre-stress induced strain distribution in ˛anges. This causes the
structure to unwind from its twisted equilibrium position.

5.2 Actuation from Net Moment
The second actuation method arises from the creation of a net twisting moment
about the structure's longitudinal axis. This is achieved through an array of component actuators secured between opposite ˛anges (from corner to corner as shown
in Figure (5.1(b))). As the structure twists, the distance between diagonal corners
of web elements increases or decreases depending on the direction of twist. When
the structure is at its twisted equilibrium state, these cross-spanning actuators are
contracted depending on their location in order to unwind the structure.
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This method is simulated using the two-step FE model (with separate jobs for the
pre-stress and the twisting action). The actuators are modeled with axial connector
elements, where the axial degree of freedom is unconstrained. These elements are ˝xed
to various locations on the structure (Figure (5.4)), and their displacements prescribed
with boundary conditions after the model is placed in its twisted equilibrium position.

Figure 5.4. FE model proof of concept for the Cross-spanning Actuator method. Anchor arms are modeled with rigid MPC beam connector
elements, smart material actuators are modeled with axial connector elements. The axial connector elements are given displacement boundary
conditions that allow them to contract. This results in the unwinding of
the structure from its twisted equilibrium position.

For large twist angles, it is not possible to achieve a net twisting moment with the
cross-spanning actuators without adding additional support or mounting structure
to the design. For instance, actuating elements placed across the diagonal face of
the twisting structure will pull the entire structure in on itself when at large twist
deformations. This is because the ends of the actuating elements cross the center line
of the structure for large twist deformations, hence there is no twisting moment on
the structure, and only a net compressive force.

44
The infeasability of creating a net twisting moment in the structure without adding
additional components is veri˝ed through a static analysis of the net moment imposed
by actuating forces placed on the structure. This analysis is shown in more detail in
Appendix B.
In this regard, it is apparent that a net moment must be created by adding
additional components to the structure. This is done by placing a cross-like anchor
arm component in between the web elements. This anchor arm provides a place for
the actuating elements to attach to, and allows them to pull out and away from the
main structure, hence producing a net moment about the twisting axis. This is shown
to be e˙ective with the FE model, where the anchor arm is modeled with MPC beam
connector elements between the two ˛anges and the actuators modeled with axial
connector elements as shown in Figure (5.4).
The anchor arm allows for two sets of cross-spanning actuators per side, per
segment (three in total) of the structure. On each side (right and left) of the structure,
parallel sets of actuators act together when unwinding the structure.
In order to unwind the structure from its twisted equilibrium position, the triggering of the component actuators must be coordinated to alternate between left and
right sides to successfully unwind the structure. Once each set has contracted to
su°ciently shorten the distance between opposing corners of a segment, the next side
and set of actuators takes over. This process alternates until the structure is unwound
to its straight and unstable position. At this point, snap-through can be permitted
to twist the structure to its opposing stable equilibrium position.
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6. CONCLUSIONS
Compliant twisting bistable structures coupled to smart material actuators are capable of producing desirable behavior of an ideal linear actuator. They are capable of
producing large displacements, signi˝cant blocking forces, and have a fast response
with a potentially large actuation bandwidth.
A compliant twisting bistable structure is chosen to serve as the main component
in such an ideal linear actuator. This structure creates a linear displacement upon
twisting that lends itself to the purpose. The structure is composed of ˝ber reinforced
composite laminates: the ˛anges consist of carbon ˝ber reinforced prepreg (CFRP)
˛anges with a [02 /90/02 ] layup. The web consists of a glass ˝ber reinforced prepreg
(GFRP) with a [90/0/90] layup.
Analytical modeling correlates with FE modeling only for small twisting displacements of the structure. Hence, more development of the analytical model is required
before it can be used with the large displacements involved with the linear actuator
application. An investigation into increasing the order of the expression by including
additional expansion terms is suggested as a starting point for future work on the
model.
Finite element models are used to investigate the tailoring of equilibrium behavior of the structure to increase the linear change in length upon twisting. A Python
script is developed to modify the structure's geometry through removal of web material. Reduced strain energy contribution from the web provides global linear strains
suitable for linear actuation of 10% or greater.
Material composition of the structure is investigated by considering FDM 3D
printed variants. PLA is chosen due to its prevalence in 3D printing applications
and low risk of warping during the printing process. Due to the low sti˙ness of the
material, pre-stress is maximized by giving the PLA ˛anges a small initial radius
limited by the yield strain of the material. The FE model used to analyze the PLA
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structure variant is modi˝ed to apply the thermal expansion analogy to model the
pre-stress e˙ects.
A PLA variant of the compliant structure is successfully constructed. Due to
the pre-stress and large strains involved with the twisting motion, viscoelastic e˙ects
are prevalent. This causes relaxation of the pre-stress in the ˛anges, and loss of bistability. Web components also su˙er from creeping, giving the structure a bias to
one equilibrium position if left in place for an extended period of time.
Suggested starting points for improvement in future work are to investigate constructing the PLA structure with thicker components. Additionally, the selection of
a less creep prone material is suggested. In terms of 3D printing, perhaps a ˝berreinforced nylon material would lend itself to this structure better than PLA. Additionally, the construction of a jig or ˝xture to aid in handling the ˛anges will improve
the ease and speed of manufacturing.
Two methods of triggering snap-through in the structure are proposed by coupling smart material actuators to the compliant twisting structure. The ˝rst induces
bending strain of the ˛anges through component actuators placed along the length
of the ˛anges. The actuators contract, inducing a moment through the thickness
of the ˛anges that cancels out the pre-stress induced curvature. This results in an
untwisting of the structure. The second method employs an array of component actuators secured diagonally between opposite ˛anges and web elements. The actuators
contract, unwinding the twisted structure from its twisted position by shortening
the diagonal distance between attachment points and creating a twisting moment
about the longitudinal axis of the structure. Both con˝gurations allow for potentially
fast oscillation/low axial strain about the structures unstable equilibrium position as
well as slow actuation/large axial strain between the structures stable equilibrium
positions.
Thus far, the compliant bi-stable structure has demonstrated ability to produce
useful linear strains upon twisting. With further development of the smart material
actuation method, an ideal linear actuator prototype can be demonstrated. These
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structures can be implemented in ˝elds such as aerospace or robotics to improve
reliability and e°ciency in engineering design.
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7. OUTLOOK
There is signi˝cant room for future development of this topic. In addition to general
improvements in the manufacturing process and mathematical model, there is more
work to be done in regards to the FE models. It is of interest to study the e˙ects
of modeling the smart material actuators. One particular instance is the e˙ect of
modeling the smart material actuators with the thermal coe°cient of expansion described in Section 5.1 vs modeling the actuator with discrete contracting elements.
This may be more accurate in terms of modeling physical actuator systems such as
some piezoelectric ceramic actuators.
An investigation of the blocking force of the actuator with the FE models will also
prove to be worthwhile, where blocking force per unit mass can be analyzed. This
would aid in the comparison of the twisting bi-stable actuator with current actuating
systems. Furthermore, it may be interesting to plot this result on an Ashby chart
to visualize this comparison. Additionally, the e°ciency of each actuating method
should be analyzed with the FE models. This would help inform the design of a
physical prototype by indicating what actuation method is most energy e°cient.
The concept of the compliant bi-stable linear actuator can be extended even more
by incorporating bioinspiration into the structure's design. Twisting and bending
structures have been created that deform in response to hydration [29]. These structures work through a process inspired by the way that a pine closes up when placed
in water. This works because the structures are composed of a bi-layer composite.
When immersed in water, the top layer expands, thus giving the structure curvature.
This process is analogous to the curvature given to the ˛anges to create the pre-stress
in the bi-stable twisting structure. If the ˛anges of the twisting structure are composed of a similar bi-layer material, a structure could be created that is mono-stable
when dry, however bi-stable when hydrated.
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Finally, the viscoelastic e˙ects observed in the PLA structure can be harnessed
instead of avoided. Brinkmeyer et. al. demonstrated that a buckled silicone panel
can be deformed with an applied load until the panel has relaxed to maintain the
loaded deformation [30]. When unloaded, the panel stays deformed for a time, then
snaps back to its initial buckled con˝guration. A similar process can be carried out
with the twisting bi-stable structure. The structure can either be ˝xed at its unstable equilibrium position until viscoelastic e˙ects allow it to stay in its straightened
con˝guration for a period of time. The structure will then snap back to a twisted
stable position. Another potential procedure would be to leave the structure at its
twisted state. Over time, the pre-stress will relax and the structure will untwist to a
straightened con˝guration. These ideas are illustrated in Figure (7.1). This process
could be used for triggering or time dependent actuation purposes.

Figure 7.1. Viscoelastic e˙ects can be exploited to use the PLA structure
as a triggering mechanism, where the structure is allowed to relax over a
period of time from an initial state, to a ˝nal state.
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A. TWISTING STRUCTURE ASSEMBLY PROCEDURE

A.1 Purpose & Scope
The purpose of this procedure is to communicate the process of how to manufacture and assemble a 3D printed PLA bi-stable twisting structure. This procedure is
intended to be followed using the materials and equipment listed in Table (A.1), however this may not be the best way to assemble the structure, hence experimentation
and improvement upon this procedure is encouraged.

A.2 Equipment
The required equipment is listed in Table (A.1). Figure (A.1) shows some of
the necessary equipment, as well as the structure components after they have been
printed.

Figure A.1. Necessary equipment for constructing the twisting structure.
Included from left to right is sandpaper, tape, glue and baking soda, printed
structure components, and cardboard supports.
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Table A.1.
Required materials and equipment for manufacturing the twisting structure.

Item

Quantity

Ultimaker 3 Extended

n/a

3D Printer

Notes
Additional tools as needed
(eg. tape, hairspray)

PLA Filament

≈ 50g

Must be compatible with Ultimaker

Exacto knife

n/a

As needed for post processing

Sandpaper

n/a

As needed for post processing; grit size
not important

Painter's tape

n/a

As needed to secure ˛ange during assembly

Cyanoacrylate

(super

1 bottle

glue)
Baking soda

Brand unimportant, however gelled
versions are easier to work with

Several grams

A q-tip is helpful for spreading baking
soda over contact area

Rigid Support

2

For securing the ˛ange during assembly; cardboard is suitable (Figure (A.1))

Measuring tool

1

Such as a ruler or calipers, for marking
contact area on ˛anges

A.3 Helpful Tips
• Limit worktime between 1 and 2 hours, as relaxation of the ˛anges during assembly is signi˝cant.

• The glue takes between 5 and 10 minutes to set, even with the baking soda. Be
patient and apply more glue/baking soda as necessary.

• Do not be surprised if material defects cause components to fail mid-assembly,
especially the ˛anges. If this happens, just try again with another print.
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• Check for material defects in the ˛ange by gently unwinding it before assembly.
If it looks non-uniform, as if it is kinking in a localized region, do not use the
part as it will likely fail.

• Characterize the completed structure immediately, as the ˛anges will lose prestress and the web will begin to creep very quickly after assembly.

• Be gentle with the structure and avoid triggering fast/violent snap-through between twisted states, as this could cause the structure to break.

A.4 Procedure
1. Print structure components with Complete_struct_v12.gcode (Table (A.2)), or
the gcode ˝le corresponding to the current iteration of the structure. Use the
settings detailed in Table (A.3). This takes about 8 hours, so have it printed in
advance of assembly.
Table A.2.
Relevant ˝les for printing the twisting structure.

File Name

Notes

Complete_struct_v12.curaproject.3mf

Slicer ˝le, for editing print settings

Complete_struct_v12.gcode

Raw g-code for input to 3D printer

DisctWeb_v12.sldprt

Solidworks ˝le for web components

Flange_Spiral_v2.sldprt

Solidworks ˝le for ˛ange

2. Remove support material and brim from the structure components. This can be
done with Exacto knives, or sometimes small wire cutters are useful.
3. Sand the web components where they will interface with the ˛anges. This helps
with adhesion. After sanding, rinse the components with water or isopropyl
alchohol and let dry.

55
Table A.3.
Required settings to print structure components out of PLA. All unmentioned settings may remain set to the default value.

Setting

Value Notes

Initial Layer Height

0.1mm

Prevents thick initial layer

Layer Height

0.1mm

Ensures thin walls print

Wall Thickness

0.5mm

Ensures thin walls print

In˝ll Density

100%

Generate Support
Build

Plate

Adhesion

Yes
Brim

Type

Ensures solid parts
Extruder 1, PLA supports
Extruder 1, PLA; helps adhesion to
build plate

4. Flatten the ˛anges against the rigid supports and tape them in place. Leave a
gap where the two center web components will attach. Do this with both ˛anges.
This step is shown in Figure (A.2).

Figure A.2. Straightened ˛ange secured to rigid support, ready to be glued
to web components.
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5. Measure out and mark the location where the web components will interface
with the ˛anges (Figure (A.3)). This can be done with a ruler/calipers and a
marker. Refer to Figure (4.1) for the dimensions of the structure.

Figure A.3. Flange with location of web component interface marked.

6. Apply baking soda to the ˛anges where they will interface with the web components (Figure A.4). Spread the baking soda around evenly.

Figure A.4. Flange coated with baking soda before web component is adhered.

7. Apply a thin layer of glue to one side of the center two web components. Line the
glued side of the web components up with the corresponding marked position
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on the ˛anges. The shorter ends of the web components should face the center
of the ˛ange, per Figure (4.1). Once aligned, apply pressure for 5 minutes.
8. After 5 minutes, apply a thin coat of glue along the interface of the web with the
˛ange. Then, lightly dust more baking soda over the glue. Hold for a few more
minutes. If the components are still separating, apply more glue and baking
soda.
9. Un-tape one end of the taped down ˛ange. Lightly dust with baking soda. Apply
a thin coat of glue to one side of an end-web component.
10. Align the web component with the end of the ˛ange and apply pressure for 5
minutes (Figure (A.5)). Apply a thin coat of more glue and baking soda along
the interface of the web component and ˛ange. Once the glue has set, use more
tape to keep the end from curling up (Figure (A.6)).

Figure A.5. It is helpful to pinch the end-web component and ˛ange while
the glue is setting.

11. Repeat the previous step for the opposite end of the workpiece. At this point,
the workpiece should resemble Figure (A.6).
12. After the glue has su°ciently hardened, take the second ˛ange that is attached
to its rigid support. Apply baking soda to the center regions, and apply a thin
layer of glue to the top of the center-web components.
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Figure A.6. Partially assembled structure, only the second ˛ange is remaining.

13. Align the center-web components with the second ˛ange, and apply pressure
until the glue has set. Apply more glue/baking soda along the interface.
14. At this point, it is helpful to un-tape the workpiece from the rigid supports.
Apply baking soda to one end of the unsecured ˛ange, coat the corresponding
end-web component with glue, and hold in place until glue sets. While the glue
is setting, hold the structure in its straightened position (do not allow it to twist
as this impacts component alignment) Apply more adhesive to the interface.
15. Repeat the last step with the opposite end of the workpiece.
16. Ensure all interfaces are su°ciently adhered to each other and that the glue has
had time to set. The structure is now complete.
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B. CROSS SPANNING ACTUATOR MOMENT ANALYSIS
Moments in the y − z plane are summed about point O for a cross-section of the
structure at its straightened unstable equilibrium position (Figure (B.1)). The result
is zero net moment, even when attachment points are extended beyond the extent of
the main structure.
As a result, the twisting moment must be created from the twisting deformation
of structure, as shown in Figure (B.2).

Figure B.1. Free body diagram of cross section of undeformed structure.
A net moment is not possible in this con˝guration.
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Figure B.2. A twisting moment can be induced by exploiting the deformation of the structure. The z component of force can achieve this.

